Millimeter wave (mmWave) communication technology has been widely discussed as a promising part to be used in 5th Generation (5G) fig: interference networks. However, mmWave signals are sensitive to blockage compared with traditional spectrums used for cellular networks, which proposes new challenges. In addition, 5G networks will support Time-Division Duplex (TDD) mode, which is able to provide flexible and dynamic uplink-downlink (UL-DL) configurations. However, dynamic adjustment will then introduce UL-DL interference and will further influence system performance. This paper will focus on the coverage probability of mmWave communication network with dynamic TDD configuration based on stochastic geometry analysis. Both the Line-of-Sight (LoS) link and Non-Line-of-Sight (NLoS) link are modeled, since the transmissions of mmWave signals will be greatly influenced by different link types. Coverage probabilities for downlink and uplink are analyzed, respectively. Furthermore, in order to mitigate the UL-DL interference introduced by dynamic TDD, the Almost-Blank-SubFrame (ABSF) scheme is studied in this work. In ABSF scheme, a base station with DL transmission will mute temporarily to avoid severe DL-UL interference to nearby base stations with LoS links and UL transmissions. Possible improvement after introducing ABSF is studied by updating downlink and uplink coverage probability expressions. Numerical results under different configurations are obtained and discussed. It is shown that uplink coverage probability is greatly influenced by downlink interference, which provides basis for applying ABSF. Improvements by ABSF are validated by corresponding results.
I. INTRODUCTION
Time-Division Duplex (TDD) mode has been widely used in recent mobile communication systems since the 3rd Generation (3G) network, and will be also applied in the 5th Generation (5G) network. TDD mode has several special characteristics compared with Frequency-Division Duplex (FDD) [1] . One of the most important advantage of TDD is the flexibility to accommodate asymmetric The associate editor coordinating the review of this manuscript and approving it for publication was Zhenyu Xiao. uplink/downlink (UL/DL) traffic by applying different UL-DL configurations [2] . For example, an UL-DL configuration with more DL subframes can be preset for a BS located in an area with heavy DL traffic. And such kind of configuration usually takes effect for a long-term statistical period.
With the flourishing of mobile Internet applications and services, the required amounts of traffic on UL or DL may change drastically, which requires the UL-DL configuration be adjusted in a short-term scale in order to match the traffic fluctuations and provide satisfying Quality-of-Service (QoS).
On the other hand, when only considering the performance of mmWave communication, some work can also be found, although it has been pointed out that it is a tough task to conduct system level performance evaluation of a cellular network applying mmWave [17] . Recently, stochastic geometry has also been relied on in mmWave communication scenarios because of its analytical tractability. By modeling the locations of BSs or UEs in a mmWave cellular network as Poisson point process (PPP), aggregated coverage probability, rate and capacity are possible to be derived and analyzed, based on which conclusions and approximation can be further obtained [18] . The authors of [19] proposed a stochastic geometry framework to analyze the coverage and rate in mmWave cellular networks and can be applied in heterogeneous networks. In [20] , a new methodology was proposed, which explicitly accounts for the empirical pathloss and blockage models for different cell association criteria, for beamforming pointing errors and for multi-tier deployments. A muti-tier heterogeneous downlink mmWave cellular network with UE-centric small cell deployments is studied in [21] . In addition to downlink, the work in [22] is thought to be the first one to investigate the performance of mmWave cellular networks in uplink with stochastic geometry tool.
When both dynamic TDD and mmWave communication are considered at the same time, no related work can be found to the best of our knowledge. However, this combination plays an important role for 5G and should be studied in deep. First, mmWave communication usually requires large vacant spectrum, while dynamic TDD reduces the system bandwidth by half compared with FDD mode, therefore, extra benefit can be predicted when combining them together. Second, mmWave communication has its special characteristics compared with wireless communication using sub-6GHz, new techniques will be introduced, and this fact will eliminate applying existing analysis framework directly. Therefore, great efforts are needed to analyze the combination of dynamic TDD and mmWave communication. The most challenging part is that, inter-slot interference should NOT be ignored, both uplink and downlink transmissions as well as other key techniques (such as beamforming and etc) should be included, which makes the analysis further complicated.
In this paper, a general evaluation model is firstly proposed for mmWave communication scenario with dynamic TDD, where interferences from different types of transmission links as well as inter-slot interference from the other transmission direction are taken into consideration. Then, both downlink coverage probability and uplink probability are derived based on stochastic geometry analysis. Next, interference mitigation technology used in dynamic TDD network is included, and possible improvement after applying the Almost Blank SubFrame (ABSF) scheme is discussed and evaluated.
The contributions of this paper are as follows. (1) All types of interferences existing in mmWave communication scenario are well investigated and modeled, such as LoS links, NLoS links and inter-slot links. (2) Both downlink and uplink coverage probabilities are derived, and numerical results are shown and compared. Furthermore, the most important issue to remind of is that, the impact of uplink transmissions is included when modeling downlink coverage, and vise versa. (3) The impact of Almost Blank SubFrame scheme is considered in performance analysis, since interference mitigation technology is a promising part for dynamic TDD network, and improvement by ABSF scheme is presented and discussed.
The reminder of this paper is organized as follows. In Section II, the considered mmWave communication network is described with modelings of key aspects, including network topology, propagation model, SINR model, LoS/NLoS models. In Section III, the coverage probabilities for DL and UL are derived separately by taking all key aspects introduced in Section II into considerations. Then, the ABSFbased interference management scheme used in dynamic TDD is described, and its impacts on coverage probabilities are modeled and analyzed in Section IV. Section V presents and discusses numerical results. Lastly, a brief conclusion is made in Section VI.
II. NETWORK MODEL AND ASSUMPTIONS
In this work, a mmWave communication network with multiple BSs and UEs is considered. This section will introduce key assumptions when establishing an overall network model, such as the distribution of BSs and users, propagation model, and beamforming antenna gain. After that, SINR expressions for downlink and uplink are presented, respectively, where inter-slot interference is taken into account when the network operates in dynamic TDD mode.
A. NETWORK TOPOLOGY
In the considered network, distributions of BSs and UEs are modeled as two independent Poisson Point Processes (PPPs) denoted as and with density of λ and λ , respectively. Key notations to be used in this work are summarized in Table. 1.
B. PROPAGATION AND ANTENNA MODEL
In this work, both pathloss and small scale fading are considered in the propagation channel model. As for pathloss, two link types are considered, i.e. Light-of-Sight (LoS) link or Non-Light-of-Sight (NLoS) link. Both LoS link and NLoS link apply the same pathloss model as K X r −α X but with different parameters indicated by subscript X ∈ {L, N }, where subscript L stands for LoS link and N for NLoS link. The probability that the link is LoS link is modeled from a stochastic blockage model as a Boolean scheme as follows [19] , [22] : p L (r) = e −βr for LOS (1) p N (r) = 1 − e −βr for NLOS,
where r is the distance between transmitter and receiver. As for small-scale fading, independent Nakagami fading for each link is assumed with different parameters for LoS link and NLoS link [19] , [22] . Let H X i (X ∈ {L, N }) denote the small-scale fading power gain on the i-th link, and it follows normalized Gamma random distribution. It has been indicated by measurement results that small-scale fading is less severe in mmWave scenario, therefore, a large Nakagami parameter can be used to approximate the small-variance fading [19] , [23] .
In mmWave communication, directional beamforming is an important technique to compensate transmission loss [24] , [25] . In this work, it is assumed that the BS and the UE associated with it are smart enough, so that the main lobes of their antenna arrays are directed to each, which further leads to maximum antenna gain for the interested link. As for other links between a transmitter and a receiver, antenna gains are determined in a probabilistic manner. If the antenna gains are divided into main lobe gain and side lobe gain, there will be 4 possible combinations with different probability. Let G b and g b denote the main lobe gain and side lobe gain of BSs, G u and g u denote the main lobe gain and side lobe gain of UEs, θ b and θ u denote the beamwidth of BSs' antenna and that of UEs' antenna, respectively, the overall antenna gain between a BS and its associated UE is G b G u , and the gain of other links can be listed out as follows. When the considered link is between a BS and a UE not associated to it, the overall antenna gain (denoted by G bu (k)) and corresponding distribution probability are summarized in Table. 2. Similarly, the parameters for a link between two BSs (denoted by G bb (k)) or between two UEs (denoted by G uu (k)) are given in Table. 3 and Table. 4, respectively.
C. INTERFERENCE AND POWER MODEL
When considering the multi-cell multi-user dynamic TDD scenario, interferences should be modeled with special care. Fig.1 (a) and Fig.1 (b) depict the interference scenarios for downlink and uplink respectively, where only one interference pair is included for simplicity, and it can be easily extended to multiple interference pairs.
As for downlink transmission, interference sources include other BSs also with downlink transmissions as well as the UEs with uplink transmission. Links between the UE of interest and interference sources may be LoS links or NLoS link determined in a probabilistic manner defined in Eq.(1). Therefore, different parameters should be applied when calculating interference signal strength. Modeling for uplink interferences is similar to the downlink case.
As for the power models used in this work, it is assumed that transmission power of all BSs is fixed as P b . While for uplink, enlightened by the power pattern mentioned in [22] , pathloss fractional power control is introduced, which means that a UE will be able to adjust its transmission power based on the pathloss to its serving BS, so that the received power at BS will not be too weak. Let P u denote a constant power value, D 0 the distance between a UE and its serving BS, and α X (X ∈ {L, N }) the pathloss exponent, then, the actual transmission power of a UE can be expressed by P u D α X τ 0 . 
D. DOWNLINK AND UPLINK SINRS
It can be observed from Fig.1(a) that, the interested UE receives the signal from its serving BS as well as interferences from BSs' downlink transmissions and other UEs' uplink transmissions. Based on the assumptions above, the received downlink SINR at any interested UE can be expressed as:
where subscript X ∈ {L, N } indicates whether the considered downlink is LoS link or NLoS link, D 0 is the distance between the serving BS and the interested UE, I b-DL is the total amount of interference introduced by all BSs with downlink transmissions, I u-DL is the total amount of interference introduced by all UEs with uplink transmissions, and σ 2 is the power of thermal noise. As for I b-DL , it can be further divided into two parts based on link type between the transmitting BS and the interested UE, denoted by I b-DL L for LoS links and I b-DL N for NLoS links, VOLUME 7, 2019 there holds,
and
where Y ∈ {L, N }, B 0 is the serving BS, \ {B 0 } means excluding B 0 and D j is the distance between the interfering BS to the interested UE.
As for I u-DL , different link types should also be considered. The transmission power of UE i is adjusted based on the link type α W and distance d i between the UE and its serving BS. The interference introduced by UE i to the interested UE is calculated based on the link type α Z and distance D i between them. To sum up, I u-UL is composed of four parts expressed as follows with (Z , W ) ∈ {L, N }. For each part, I u-DL ZW means the interference introduced by those UEs, whose link type to its serving BS is W and the link type to the interested BS is Z .
where
and U 0 is the UE of interest, \ {U 0 } means excluding U 0 . Similar analysis can be made for uplink transmission as depicted in Fig.1(b) . The interested BS receives the signal from the scheduled UE as well as interferences from those BSs with downlink transmission and those UEs with uplink transmission at the same time. Then, the received SINR can be expressed as,
where I b-UL is the interference introduced by all BSs, and I u-UL is the interference by all UEs, expressed as:
As shown above, I b-UL is composed of two parts differentiated by the link type between the interested BS and the interfering BS. As for I u-UL , it contains four parts indicated by the link type between the interested BS to its associated UE (denoted by subscript W ) and the link type between the interested BS to an interfering UE (denoted by subscript Z ) in Eq. (12) . LetD j denote the distance between the interfering BS j and the interested BS, D i the distance between the interfering UE i and the interested BS, (Y , Z , W ) ∈ {L, N } and τ ∈ [0, 1], then there holds,
where B 0 is the serving BS and \ {B 0 } means excluding B 0 ,
where U 0 is the UE of interest, and \ {U 0 } means excluding U 0 .
III. ANALYSIS ON COVERAGE PROBABILITY
The coverage probability is defined as the ergodic probability that the received SINR of a randomly selected receiver exceeds a specific threshold. As it is assumed that only one UE will be scheduled in each BS during any frame, the coverage probability is equivalent to the complementary cumulative distribution function (CCDF) of all SINRs from a global perspective. In this section, the coverage probability for downlink and uplink will be analyzed, respectively.
A. DL COVERAGE PROBABILITY
The downlink coverage probability is the probability that SINRs for downlink transmissions exceeds a certain threshold. But, before we obtain the specific expression for coverage probability, several essential probabilities should be studied.
As it is modeled in Section II, all BSs can be divided into two independent PPPs with UL transmissions and DL transmissions represented by UL and DL , respectively; the link type between any transmitter and receiver can be modeled as a Boolean scheme. In addition, it has been assumed that only one UE will be associated to one BS, although there may be multiple UEs distributed in the coverage of a BS. When considering the downlink between a BS and its associated UE, by synthesizing the analytical proofs well documented in [19] , the probability that a user is associated with a LoS-link BS can be expressed as:
where for X , Y ∈ {L, N },
And given a downlink is LoS link or NLoS link represented by X ∈ {L, N }, the probability density function of the distance r between the BS and its associated UE can be expressed as:
where the probability that a considered downlink is NLoS link can be easily calculated by
Then, based on the derivations above, and let T denote the required SINR threshold, the DL coverage probability
for LoS link or NLoS link indicated by X ∈ {L, N } can be obtained as:
The conditional probability involved above can be further written as:
where Y , Z , W ∈ {L, N }, and
A n, s DL X = (−1) n+1 N X n exp(−s DL X σ 2 ).
The two Laplace items L I b Y (s DL X ), L I u ZW (s DL X ) are given in Eq. (22) and Eq.(23), as shown at the top of this page, respectively.
B. UL COVERAGE PROBABILITY
In the light of previous theoretical support provided from [Uplink Paper], Similar analysis can be applied for UL coverage probability derivation. The probability that UL SINR exceeds a specific threshold T should taken both LoS link case and NLoS link case (X ∈ {L, N }) into consideration, and therefore, there holds, (24) where for X , Y ∈ {L, N },
The conditional probability can be further written as follows for X , Y , Z , W ∈ {L, N }: 
IV. ABSF-BASED INTERFERENCE MANAGEMENT AND IMPROVEMENT ON UL COVERAGE
It can be noticed from the SINR models and coverage probability models that, interferences from BSs and UEs will significantly influence the coverage range. Among all possible interference sources, powers from BSs (especially LoS BSs) contribute the most important part. Therefore, a reasonable control mechanism on BSs' transmissions will alleviate the interferences. A possible solution is to use the Almost Blank SubFrame on the downlink. An ABSF is a special DL subframe, in which the BS transmitter will not transmit user data, so that it makes no (or negligible) interference to others. In this section, the ABSF scheme is briefly introduced first, and then its impact on the uplink coverage probabilities is studied.
In a dynamic TDD network, suppose the fundamental resource element in time domain is one subframe, and each subframe will be dedicated for UL or DL transmission based on scheduling policy. After introducing the ABSF scheme, a BS aiming to conduct downlink transmission will be forced to keep silent if a nearby BS is receiving UL data and the link between these two BS is considered as GOOD link (i.e. the coupling pathloss is less than a specific threshold PL th ). In order to fulfill such cooperation, it is required that nearby BSs can get to know each other's configuration so that they can determine when to use ABSFs to replace downlink transmissions. In practical networks, configuration exchanging can be realized, but the detailed procedure is out of the focus of this work.
Applying ABSF scheme will change the interference conditions, and this will further influence the coverage probability. The key reason is that the set size DL shrinks because some BSs become muted in particular subframes. The ratio of BSs involved in ABSF is derived in Theorem.1 followed by the proof.
Theorem 1: In any subframe, the ratio of BSs applying ABSF to the total BSs with DL transmission is
and PL th is the pathloss threshold. Proof 1: A BS will be able to perform DL transmission in a subframe only when there is no LOS BSs transmitting UL data within the range of D th L . For a specific BSs, the density of nearby BSs with LoS link and UL transmission(called as LoS-UL BSs) is a function of the distance. By dividing the circular region into slim annular regions, as shown in Fig. 2 , the density of LoS-UL BSs in each annular region can be treated as a constant λ UL p L (r).
According to the Colouring Theorem [26] , the set of LoS-UL BSs in each annular region (r i , r i+1 ] obeys a PPP with density of λ UL p L (r i ). Let r = r i+1 −r i , the probability that no LoS-UL BSs exist in the annular region is
(36) Then, the total probability that no LoS-UL BSs exist in the circular region δ can be calculated by summation as
Let r → 0,
After applying ABSF, the set of BSs with DL transmission in each subframe, denoted by ABSF , is a subset of DL with density of δ L λ DL . This mechanism will reduce the interference level when calculating I b-O , O ∈ {UL, DL} as follows: 
where Y ∈ {L, N }.
And corresponding laplace items are updated as Eq.(42), Eq.(43) and Eq.(44), as shown at the bottom of the previous page.
By substituting these updated variables into Eq.(18) and Eq.(24), the coverage probabilities when using ABSF could be obtained.
V. RESULTS AND DISCUSSIONS
In this section, related results will be presented and discussed. The coverage probabilities of downlink and uplink will be shown first under different configurations. Then, results after introducing ABSF scheme will given and compared, which validates the effectiveness of ABSF scheme.
A. PARAMETERS AND CONFIGURATIONS
In this work, various parameters are applied in different scenarios. The distribution densities, λ and λ , are set to the same value denoted by λ for simplicity, which varies in the results to indicate dense deployment and sparse deployment. Based on the assumptions in Section II, a typical network with BSs and UEs distributed and associated in an area of 2 km by 2 km is depicted in Fig. 3 . Other key parameters used in following results are summarized in Table. V. Fig. 4 and Fig. 5 show the coverage probability for downlink and uplink, respectively, where the uplink transmission ratio µ is 0.5 indicating symmetrical transmission on DL and UL, the uplink power control parameter τ is also set to 0.5, and the deployment density λ varies. It can be noticed that, for DL transmission, dense deployment (when λ = 1 π50 2 leads to better coverage when SINR threshold is low. However, if the SINR threshold is high, dense deployment of BSs will not guarantee the coverage because of strong interferences from nearby BSs. As for UL transmission, dense deployment will always harm the uplink coverage, because the transmission power of BS is high compared with the transmission power of UE, which finally leads to strong interference and week signal. Fig. 6 and Fig. 7 show how the UL transmission ratio will influence the downlink coverage probability. For dense deployment (in Fig. 6 with λ = 1 π 100 2 ), when SINR threshold is low, more BSs working in DL mode (i.e. µ is small) leads to better downlink coverage, while when SINR threshold is high, more BSs working in DL mode will introduce strong interference and leads to worse coverage. However, when BSs are sparsely deployed with λ = 1 π150 2 , interference from UEs is the main part, and higher UL transmission ratio leads to worse DL coverage. As for uplink, coverage probability is better when µ increases under same SINR threshold as shown in Fig. 8 with λ = 1 π100 2 . This is because the interference caused by BSs is severe compared with the interference caused by UEs for uplink signal. It can be further noticed that when all UEs are in uplink transmission, the UL coverage probability is the best. Similar trends can be found when λ varies, and these results are omitted here due to limited space.
B. COVERAGE PROBABILITY

C. IMPROVEMENT AND DISCUSSION ON ABSF
As it is discussed above, by applying ABSF scheme, some BSs with good channel quality will be muted in order to reduce strong interference, therefore, coverage probability will be improved. Fig. 9 and Fig. 10 show comparisons on coverage probability with/without ABSF scheme for downlink and uplink, respectively. It can be seen that coverage improvement greatly depends on the pathloss threshold M. When M increases, more BSs with downlink transmission will be muted, and therefore, coverage probability of both downlink and uplink will be improved at the same time.
Another issue to be further discussed for ABSF is the throughput. Based on ABSF scheme, the UL throughput is predicted to be increased when the UL coverage probability is improved. As for downlink, the conclusion is not so straight since SINRs are improved when some DL BSs are muted. Better SINRs lead to larger throughput while muted BSs decrease the overall throughput. Therefore, more efforts are needed to analyze the throughput, especially for downlink, which is out the scope of the presented work in this paper.
VI. CONCLUSION
In this paper, a mmWave communication network with dynamic TDD is considered and modeled. Both LoS link, NLoS link, beamforming and inter-slot interference are taken into account. Coverage probabilities for downlink and uplink are derived, respectively. It is found that the uplink coverage is greatly influenced by the interference from BSs with downlink transmissions at the same time. Therefore, the Almost-Blank-SubFrame scheme is then included in this work. In ABSF scheme, a base station with DL transmission will mute temporarily to avoid severe DL-UL interference to other links. Possible improvement after introducing ABSF is studied by updating downlink and uplink coverage probability expressions. Numerical results under different configurations are obtained and discussed, which validates the analysis. 
